In the origin of life on the primitive-earth a major step must have involved the condensation ·of amino acid.s to form the tirst polypeptides.
reported the synthesis of several am~no acids under conditions that may have existed on the prebiotic earth. ·It suddenly became apparent that questions regarding the source of organic molecules necessary for the origin of life could be attacked by labora~· tory experiments that simulate primordial conditions; especially, that posit_ive results could be obtained in the laboratory without the.passage of eons of time as was previously assumed to be necessary.
The Urey -Miller experiment assumed that the primitive atmospher~ consisted of methane, ammonia, hydrogen and water. It was also assumed that frequent electrical storms occured. In a laboratory simulation they passed an electrical discharge through such a mixture for several days and found that 6 different amino acids and 14 other organic compounds accumulated in the condensed aqueous phase. Since that time this basic experiment has been repeated by many other workers using different atmospheres and different sources of energy. For example, amino acids were synthesized from HCN using shock waves (4),_from CH 4 , NH 3 , H 2 , arid H 2 o using electrical discharge (3) , UV light (19) , or heat (2) , and a variety of other condition~ (5, pp. 128-9) including(J ,Q6 -~ and x-rays (23) . It is now clear that amino acids form very easily under a variety of conditions. In fact, it would seem very difficult to imagine primordial conditions under which ~h~y would not form~
Assuming that the amino acids would have spontaneously formed on the prebiotic earth, the next question is how they might have been concen-trated and polymerized, and this is the problem investigated in this thesis. 2 If the amino acids accumulated in primitive oceans about the. volume of the current oceans of the earth, experiments suggest that the concentration may have reached about laf'~· M. (49) .. This is probably much too · low for polymerization to occur. A number of mechanisms for the accumulation of higher concentrations might be visualized. For example:
1) By evaporation ~f ocean water in lakes, lagoons or tidal pools.
2) By adsorption on mineral surfaces.
3) Organic matter tends to accumulate in sea foam which· .~y· have been blown onto beaches where it would accumulate in the sand.
4) Concentration by freezing.
A spontaneous polymerization is thermodynamic~lly impossible, unless coupled with some other reaction that will provide the necessary energy or unless one of the products of polymerization, e.g. water, is removed as soon as the peptide bond is formed. Several mec~anisms have been suggested. One of the more appealing is ~ry thermal polymerization in which a mixture of dry amino acids containing some acidic or basic amino acid are heated to 120 -200°C. Reaction is driven to.completion because the water that is formed escapes (5) . Some other methods are described below in Review of the Literature.
Degens, Matheja and Jackson (6, 21) have reported that an aqueous suspension of kaolinite (a clay mineral that might.reasonably be.expected to have existed on the primitive earth) catalyzes the polymerization of aspartic acid at 80-95°C and furthermore that L-aspartic acid is polymerized more rapidly t~an the D-isomer. This is an exceptionally attractive proposal· ·because it solves three problems at once; the problem 3 of concentration of amino acids from dilute aqueous solution, the formation of peptide bonds, and the origin of the overwhelming preference of living organisms for L-amino acids over D-amino acids.
In the present work an a.ttempt was made to duplicate these exper~ ments because the results are, for the most part, erratic and the statistical treatment of the data is not convincing. Furt.hermore,. polyaspartic acid was never actually isolated and identified, and the work was done only at pH 3.2 to 3.8, whereas the pH of the primordial ocean was probably close to the present value of 8.1 (1). In the course of the present work two papers were published by other laboratories, reporting that they could\ not reproduce the work of Degens et al. (21) and Jackson (6) . However, they did not take pH into-account and the experiments were not designed to isolate small amounts of polymer that might be present.
In this work .experiments were performed with the pH of the aqueous phase adjusted to 6, 7, 8, 9, and 10 and an ion exchange method was devised to isolate small amounts of poly-aspartit acid. (12) , Lemmon (13) and several books on the origin of life (14, 15, 16, 17, 18) . This.aspect of the problem will not be reviewed here as it has already been amply demonstrated that amino acids form easily under prebiotic conditions.
One of the steps in molecular evolution must have been· the formation of· polypeptides from amino acids and this review is concer~ed with possible polymerization reactions in a primitive earth environment.
Very limited progress ha·s been made in the study of prebiotic polymerization reactions. _Many interesting scraps of information are available, but there is no indication that the correct-pathway has yet been discovered. This is one of the most important problems in prebiotic ctiemistry and one in which considerable progress can be anticipated in the near future.
Thermodyg.amic Considerations
A basic problem for the spontaneous generation of life is that the polymerization of amino acids requires an increase in free energy. For the formation of a single peptide bond we have 1) Removal of water as peptide bonds are formed (5) . This can be accomplished simply by heating the dry amino acids above 100°C.
Another method might be the strong binding of water by the poly-amino acid molecules themselves (38) .
2) Remov~l of water by condensing agents such as polyphosphates, diaminomaleonitrile, cyanamide, dicyandiamide, etc. (5) . Polyphosphate for example, helps to remove water by reacting with·it as follows:
Reaction is coupled with another energy-yielding reaction such that the coupled reactions are thermodynamically favored (5).
·'
4) Removal of polymer by adsorption on mineral surfaces (25) . If polymer ·is strongly adsorbed and stabilized by the mineral surf ace this may be sufficient to eliminate the thermodynamic barrier. Bernal (25) was the first to suggest that prebiotic synthesis may have taken place on clay particles in aqueous media, where they simultaneously protected:
the prebiotic monomers from photolytic degradation and provided a catalytic region for the promotion of subsequent polymerization and chemical.
development. ·Polymerization is essentially occuring outside the aqueous phase, i.e., on the surface.
Formation of a "Fore-Protein".
Akabori (39) has suggested that protein could have originated from.. (45) found that dig~ycine and triglycine are formed if a solution of glycine and ammonium cyanide is allowed to stand at room temperature for three months.
Flores and Ponnamperuma
The significance of these results for the prebiotic. formation of polypeptides is questionable. Generally, only dimers and trimers have · been detected and the concentrations of reactants are much larger than one would expect to have been present in a ·primordial. ocean. Of course, one can always argue that concentration occured, or that millions of years were required to form sufficiently long polymers.
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A greater degree of polymerization was obtained by Horowitz ~ al. (46) . They reacted 0.001 F alanyl adenylate in an aqueous suspension of montmorillonite or illite at pH 7.8 to 8.5. Reaction required i~ a few hours at room temperature and the polymer contained 9 to 56 monomer units. This reaction has also been investigated with several pairs of amino acid adenylates (47) o Certain bonds are more likely to be formed than others. For example, ala-ala bonds are more likely than gly-gly which in turn are mor~ likely than al~-gly or gly-ala. No catalytic activity was observed with kaolinite, ap §lti~es; .. or permutites.
Also, of particular interest is the r~ported polymerization of aspartic acid on the surface of kaolinite. This reaction has already been des-· cribed in the tntroduction and is the topic of this thesis.· Dry Thermal Polymerization.
Dry thermal polymerization has been extensively studied by Fox and others (5, 26, 27, 28, 31, 32, 33, 34) .
. Thermodynamic the~ry indicates that amino acids would be condensed by heating. to a temperature above the boiling point of water (5). Fox. Flo·res and Leckie prepar_ed a mixture of glycine, potassium cyanate and hydroxyapatite and heated it in a sealed tube at 95°C for 2 to 20 days. They obtained up to 1.2% yield of diglycine in the presence of potassium cyanate and smaller yields in its absence (37) . Solid sodium dihydrogen phosphate plus potassium. cyanate is an even better catalyst giving up to 12% yield of diglycine. However, with other solid orthophosphates the presence of cyanate decreased the yield of peptide.
Only the dry thermal method under simulated geological conditions has· given polymers of amino acids that 1) contain all the amino acids connnon to contemporary protein, 2) have molecular weights of many thousands, q)_ possess an array of catalytic or rate enhancing activities of the kinds from which enzymes and metabolism could evolve, 4) exhibit limited heterogeneity comparable to that found in cori~emporary popula-:-:. , . . · tions of 'organismic protein, and 5) give, on contact with water, organized units with many of the properties of contemporary c~lls.
While this list of properties is impressive it is not evidence that the polypeptides were actually formed under dry thermal conditions.
That is, these are properties inherent in the polymer and should be observed regardless of how the polymer is synthesized.
The importance of these thermal syntheses in prebiotic chemistry is controversial. Some workers do not believe that suitable combinations of heat source and accumulations of amino acids could have existed in prebiotic time. Another way of examining this problem is by asking whether there are places on the earth today with appropriate temperatures where . · one could drop, say, 10 grams of a mixture of amino acids and obtain a significant yield of polypeptides.
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EXPERU-IBNTAL

Materials and Apparatus
Ninhydrin. In order to obtain a low blank in the photometric procedure it is necessary, in some cases, to recrystallize the ninhydrin from 2 N hydrochloric acid according to the method of Hamilton and Ortiz (7) . Ninhydrin (8) . The time required for particles 2 microns (esd) to settle from a suspension of kaolinite in wat~r was calculated from Stokes Law:
where vis th~ rate of settling, Dis the density of.water, D' is the density of kaolinite (2.65 g/ml), l is the viscosity of water at room -2 -2 temperature (0.9548 x 10 poise) g=981 cm sec and r is the radius of a spherical particle. Kaolinite (100 grams) was suspended in 1500 ml of water, 3G drops of 2 N NaOH was ad~ed to the suspension and the mixture · thoroughly stirred. After the calculated period of time the supernatant . .
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liquid was poured off and the suspended particles less than 2 microns (esd) separated by centrifugation. The product was washed four times with distilled water and dried 3 hours at 60°Co 3 N HCl in Butanol. To 150 ml of n-butanol was added 2-3 g of CaH 2
to remove water. This.was allowed to stand overnight and then distilled.
The first 50 1Ul of distillate was discarded and about 90 ml dry butanol was collected. Gaseous hydrogen chloride was generated in an all-glass apparatus by adding 98% H 2 The column was conditioned before use with dimethyldichlorosilane. Samples were injected directly onto the column.
Analysis for Amino Acids
Amino acids were analyzed colorimetrically by the ninhydrin method and later in this work by vapor phase chromatography.
Colorimetric Method for Amin9 Acids. The following method is essen- It will be seen that complete separation is achieved.
To test the separation and recovery of monomer and polymer by this 19-- The kaolinite remaining after reaction was washed.three times with 4.0 ml portions of 2 N ammonia, separating the kaolinite between each washing by centrifugation. The washings were combined. Since ammonia interferes with the ninhydri~ analysis it was removed by allowing the wash solution to stand overnight in a desiccator over 98% sulfuric acid.
The resulting ammonia free solution was analyzed in the same manner as supernatant liquid (A) above. The data are presented in Table II .
Thermal Polymerization under Dry Conditions
Each sample was composed of 75 mg DL-glycine, ·100 mg· Na In the polymerizatiort experiments described by Degens et al. (21) and Jackson (6) two methods were used for·the detection of polymerization. In the first method the kaolinite was separated.by centrifugation and the supernatant liquid analyzed first for aspartic acid, then hydrolyzed and analyzed again. Any increase in aspartic acid conc~ntration was assumed to be due to polymer; The kaolinite was washed with 2 N ammonia and the washings also analyzed before and after hydrolysis. The sec·ond method used was analysis for polymer by the biuret. method.
As a criterion for polymerization the analysis for aspartic acid before and after hydrolysis can be criticised on several accounts. First, small amounts of polymerization cannot be detected because it depends on.
taking the di~ference between two numbers that are nearly equal. Second, any diketopiperazide (a· cyclic dimer) present would be mistaken for linear poly-peptide because it does not react with ninhydrin but is con-
verted back to aspartic acid on hydrolys~s. Third, the method does not actually isolate and identify the product, and fourth, it has not been established that poly-aspartic acid is desorbed from the kaolinite surface by washing with 2 N ammonia.
While the present work was in progress two papers appeared in the literature in whic~ it was reported that Jackson's claim that L-aspartic acid polymerizes more rapidly than D-aspartic acid could not be repeated. ' 14 Lemmon (30) used ~adiotracer C to look for products of the reaction but only starting material was found; ~o polymer, no oligomers,.and no thermal decomposition productso In both reports, however, the exp.eriments were carried out only at pH 3.2 to 3.7 and in such a way' that small amounts (say, 2 to 5%) of polymer adsorbed on the surface of the kaolinite would not have been detected.
In the present work the pH range was extende4 to include neutral and slightly basic solutions which were more likely the situation on the prebiotic earth. Also, a cation exchang~ technique was used to ~oncentrate small amounts of poly-aspartic acid that would escape detection by looking only at the difference between hydrolyzed and unhydrolyzed analyses for aspartic acid. Table II . shows:-the results obtained in this work by heating solutions of .aspartic acid with suspe~ded kaolinite under different conditions. After reaction, samples were treated according to the flow diagram in Figure   2 . Note that at pH·7, 8, and 10 essentially 100% of the aspartic acid was recovered.unreacted. At pH 6 the recovery was 97%, which is probably within experimental error of 100%. It is clear that in those solutions that were initially 0.00100 F in aspartic acid the amount of polymerization is either very small or does not occur at all~ · A~cording to Jackson (6) the poly-aspartic acid is desorbed from the kaolinite surface by washing with 2 F ammonia and he observed the greatest amount of polymer in these solutions. In Table II , however, no increase in aspartic acid concentration occured when the ammonia wash solutions were hydrolyzed, and there is therefore no evidence at all for polymerization. The only suggestion of polymer formation in Table II is the data obtained at pH 9.0. In this case, only 90 to 92% of the aspartic acid was recovered, so 8 to 10% of it might be present as polymer. If polymer were present it would have to be adsorbed on the kaolinite. · According to Jackson (6) polymer is desorbed by 2 F annnonia, but since it is very doubtful that he ever produced any poly-peptide it is not really known whether the polymer is desorbed by this treatment or not.
To detect adsorbed polymer, the infrared absorption spectrum of the recovered.kaolinite ( Figure 5 , reaction at pH 9.0) was compared with that of poly-aspartic acid (Figure 4 ). The kaolinite spectrum is identical .with that of the fresh kaolinite and there is no trace of adsorbed polymer, although additional aspartic acid monomer was extracted by washing a forth and fifth time with 2 N ammonia. The amount of aspartic ~cid was not measured quantitatively but it probably accounts for the missing 8 to 10%. It is not surprising that this aspartic acid was not detected by the infrared spectrum. This method is kno~ to be very insensitive to small amounts of material in a major component. • 1 t-1 : -. ' .. tr TI ~ r 1 i i 1 q: 1 i 11 · " 1 : iii i i " t· . 601~ .' , _, .:.: ·': "L: . ·.::·::~I. 4 .. l +L· 1 .~tj).
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Thermal Polymerization
Mixtures of glycine, kaolinite, and sodium borate were heated together, dry, for 15, 30, and 45 days at 105° and 140°C. Also, blanks were run in which glycine and sodium borate, glycine_ and kaoli~ite,·or glycine alone were treated in the same manner. After heating, the mixtures were washed with ¥Tater and 2 N ammonia and the combined washings analyzed for glycine oligomers by Dr. J.J. Flores with an amino acid analyzer. The following results were obtained:
1. No polymerization of glycine to diglycine or higher oligomers ·occured at 105°C after 15 or 45 days.
2. After 15 days at 140°C only a small amount of diglycine was ·I ! · found from glycine and sodium borate. The yield is about 0.-25%; too small to be significant. 29 3. Heated at 140°C for 30 days> a good yield of diglycine from sodium borate and glycin~ was. obtained. However, this combination also destroys most all of the glycine; a very serious disadvantage.
Therefore, there is no indication that kaolinite or sodium borate might have played a role in the prebiotic synthesis of polypeptides.
SUGGESTIONS FOR FURTHER WORK
There is a possibility that a small amount of polymer is so strongly adsorbed on the kaolinite surface that it is not removed by the usual washing operations. If this is the cas~ it would not be detected either .by the methods used in this work or by others. .Jackson (6) and Degens !:! al. (21) claimed that polymer is removed by washi~g with 2 N NH 3 but there is no evidence to support this contention. · Therefore, the· next step in this research should be to investigate.the adsorption isotherms of poly-aspartic acid on kaolinite at different pH values. It would then ·be possible to say for certain whether polymer is adsorbed on the surface or not.
Reactions should be carried out in the presence of annnonium cyanide, pyrophosphate, dicyandiamide, dicyanamide, and cyanamide.
Another possibility would be to try to activate the kaolinite surface by treating it with acid, base, transition metal salts, etc. That is, it is well known that kaolinite has a small cation exc~ange capacity and the .catalytic activity may depend on the adsorbed ions as well as whether alu-· minum or silicon atoms are exposed at the active sites.
